A comprehensive two-dimensional gas metal arc welding (GMAW) model was developed to take into account all the interactive events in the gas metal arc welding process, including the arc plasma, melting of the electrode, droplet formation, detachment, transfer, and impingement onto the workpiece, and the weld-pool dynamics and weld formation. The comprehensive GMAW model tracks the free surface using the volume of fluid method and directly modeled the coupling effects between the arc domain and the metal domain, thus eliminating the need to assign boundary conditions at the interface. A thorough investigation of the plasma arc characteristics was conducted to study its effects on the dynamic process of droplet formation, detachment, impingement, and weld-pool formation. It was found that the droplet transfer and the deformed electrode and weld-pool surfaces significantly influence the transient distributions of current density, arc temperature, and arc pressure, which in turn affect the droplet formation, droplet transfer, and weld-pool dynamics.
Introduction
Gas metal arc welding (GMAW) is the most widely used joining process due to its ability to provide high-quality welds for a wide range of ferrous and non-ferrous alloys at low cost and high speed. As shown in Figure 1 , GMAW is an arc-welding process that uses arc plasma between a continuously fed filler metal electrode and the workpiece to melt the electrode and the workpiece. The melted filler metal forms droplets and deposits on the partially melted workpiece to form a weld pool. The weld pool solidifies to bond the workpieces after the arc moves away. A shielding gas is fed through the gas nozzle to protect the molten metal from nitrogen and oxygen in the air. GMAW is also commonly known as metal inert gas (MIG) since inert gasses argon and helium are often used as a shielding gas. An active shielding gas containing oxygen and carbon dioxide is also used and thus the GMAW process is also called metal active gas (MAG). Direct current is usually used with the filler wire as the anode electrode to increase wire melting rate. GMAW can be easily adapted for high-speed robotic, hard automation, and semiautomatic welding applications. GMAW is a complex process with three major coupling events: (1) the evolution of arc plasma, (2) the dynamic process of droplet formation, detachment, and impingement onto the weld pool, and (3) the dynamics of the welding pool under the influences of the arc plasma and the periodical impingement of droplets. The stability of the GMAW process and the weld quality depend on many process parameters, such as welding current, welding voltage, wire feed speed, wire material and wire size, arc length, contact tube to workpiece distance, workpiece material and thickness, shielding gas properties, shielding gas flow rate, welding speed, etc. Selection of these welding-processing parameters relies on extensive experimentation and is an expensive trial-and-error process. Therefore, tremendous research efforts have been devoted to developing mathematical models of the GMAW process in order to reveal the underlying welding physics and provide key insights of process parameters for process optimization and defect prevention. Due to the complexity of the welding process and the associated numerical difficulty, many numerical models in the literature have simplified the GMAW process and only focused on one or two events. Many works on droplet formation [1] [2] [3] [4] [5] [6] [7] [8] and weld-pool dynamics have not included the arc plasma. More works now have been devoted to study the arc plasma and its influence on the metal transfer [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] and weldpool dynamics [41] [42] [43] [44] [45] [46] [47] [48] [49] .
In these simplified models, the droplet formation is considered as an isolated process in the electrode. The influence of the arc plasma is considered as boundary conditions with assumed distributions, such as linear current density distributions [1] [2] [3] or Gaussian distributions for the current density and heat flux [6] [7] [8] .
The effects of droplet impingement on the weld pool have been significantly simplified as boundary conditions in the modeling of the weld-pool dynamics by many researchers [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . The weld-pool surface was assumed to be flat [9] [10] [11] [12] [13] [14] or modeled with boundary-fitted coordinates [13] [14] [15] . The dynamic impingement of a droplet onto the weld pool has been omitted [13] , treated as a liquid column [14] or cylindrical volumetric heat source [15] [16] [17] [18] [19] acting on the weld pool in many weld-pool models. Only recent models [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] have simulated the dynamic interaction of droplets impinging onto the weld pool including both heat transfer and fluid flow effects and tracked the deformed weld pool free surface. However, they all applied assumed current, heat flux, and arc pressure boundary conditions at the weld-pool surface and also approximated the droplet impingement with the assumed droplet shape, volume and temperature, and impinging frequency and velocity.
In almost all aforementioned studies, the interaction of arc plasma with electrode melting, droplet generation and transfer, and weld-pool dynamics was not considered. Linear or Gaussian current density and heat flux were assumed as boundary conditions at the electrode surface [1] [2] [3] [4] [5] [6] and weld-pool surface [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . However, the surface of the workpiece is highly deformable, and the profile of the electrode changes rapidly, which greatly influence the arc plasma flow and thus change the current, heat flux, and momentum distribution at the surfaces of electrode and workpiece. Furthermore, the arc plasma can be dramatically distorted when there are free droplets between the electrode tip and the surface of the weld pool as observed in experimental studies [30] [31] [32] . Several models [33] [34] [35] [36] [37] [38] [39] have been developed to study the dynamic interaction of the arc plasma with the droplet formation. However, the droplet was eliminated when it was detached from the electrode tip or when it reaches the workpiece. The weld-pool dynamics was also omitted and the workpiece was treated as a flat plate. Some recent models [40] [41] [42] [43] included the arc plasma, the filler wire, and the workpiece to study the direct interactions of the three domains. However, they are not completely coupled models since the droplet transfer in the arc still relies on an empirical formulation to calculate the plasma drag force in [43] or the droplet impingement is not simulated in [40] [41] [42] .
The authors developed a fully coupled comprehensive GMAW model [44] [45] [46] [47] [48] [49] [50] [51] [52] to include the entire welding process-the arc plasma evolution, the electrode melting, the droplet formation and detachment, the droplet transfer in the arc, the droplet impingement onto the weld pool, and the weld-pool dynamics and solidification. The volume of fluid (VOF) technique was used to track the interface of the arc plasma and the metal. The temperature, pressure, velocity, electric, and magnetic fields are calculated in the entire computational domain, including the arc, filler wire, and the workpiece without using assumed heat, current, and pressure distributions at the interfaces. In the following sections, the comprehensive mathematical model is first presented to model the GMAW physics, and then the computational results are presented to show the evolution of the arc plasma and its dynamic interaction with the droplet formation, detachment, transfer, and impingement, and the weld-pool dynamics.
Mathematical model

Governing equations
The computational domain is shown in Figure 1 , which has an anode region, an arc region, and a cathode region. The governing equations for the arc, the electrode, and the workpiece can be written in a single set based on the continuum formulation given by Diao and Tsai [53] :
where V is the velocity vector, and u and v are the velocities in the r and z directions, respectively; V r is the relative velocity vector between the liquid phase and the solid phase. The subscripts s and l refer to the solid and liquid phases, respectively, and the subscript 0 represents the initial condition. g is the gravitational acceleration, p is the pressure, ρ is the density, μ is the viscosity, β T is the thermal expansion coefficient, T is the temperature, J r and J z are current densities in the respective r and z directions and B θ is the self-induced electromagnetic field. K is the permeability function, C is the inertial coefficient, and f is the mass fraction. 
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Joining Technologieswhere h is the enthalpy, k is the thermal conductivity, c is the specific heat, S R is the radiation heat loss, k b is the Stefan-Boltzmann constant, σ e is the electrical conductivity, and e is the electronic charge.
Current continuity
Ohm's law
Maxwell's equation
where ϕ is the electrical potential and μ 0 is the magnetic permeability.
The continuum model [53] included the first-and second-order drag forces and the interaction between the solid and liquid phases due to the relative velocity in the mushy zone (0 < f l < 1 and 0 < f s < 1), which are represented by the corresponding third to fifth terms in the right-hand side of Eqs. (2) and (3). The energy flux due to the relative phase motion in the mushy zone is represented as the second term in the right-hand side of Eq. (4). The enthalpy method is used for phase change during the fusion and solidification processes. The enthalpy for the solid and liquid phases can be expressed as
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where H is the latent heat of fusion.
Continuum density (ρ), specific heat (c), thermal conductivity (k), velocity (V), and enthalpy (h) are defined as follows:
,
where g is the volume fraction of the solid or liquid phase.
The permeability function is assumed to be analogous to fluid flow in porous media employing the Carman-Kozeny equation [54, 55] 
where d is proportional to the dendrite dimension. In this study, it is assumed to be a constant and is on the order of 10 −2 cm.
The inertial coefficient, C, is calculated from [56] 3/ 2 0.13
Arc region
The arc region includes the arc plasma column and the surrounding shielding gas. The arc plasma is assumed to be in local thermodynamic equilibrium (LTE) [57] . The plasma properties, including enthalpy, density, viscosity, specific heat, thermal conductivity, and electrical conductivity, are calculated from an equilibrium composition [57, 58] . The influence of metal vapor on plasma material properties [37] [38] [39] [40] [41] [42] is not considered in the present study. The plasma is also assumed to be optically thin, thus the radiation may be modeled as a radiation heat loss per unit volume represented by S R in Eq. (4) [57, 58] .
Metal region and tracking of free surfaces
The metal region includes the electrode, droplet in the arc, and the workpiece. The dynamic evolution of the droplet formation of the electrode tip, the droplet transfer in the arc, and the weld-pool dynamics require precise tracking of the free surface of the metal region. The volume of fluid method is used to track the moving free surface [59] . A volume of fluid function, F(r,z,t), is used to track the location of the free surface. This function represents the volume of fluid per unit volume and satisfies the following equation:
The average value of F in a cell is equal to the volume fraction of the cell occupied by the metal. A zero value of F indicates that a cell contains no metal, whereas a unit value indicates that the cell is full of metal. Cells with F values between zero and one are partially filled with metal.
Forces at the interface of the arc plasma and metal regions
The molten metal is subject to body forces and surfaces forces at the interface of the arc plasma and metal regions. The body forces include gravity, buoyancy force, and electromagnetic force. The surface forces include arc plasma shear stress, arc pressure, surface tension due to surface curvature, and Marangoni shear stress due to temperature difference. The surface forces are included as source terms to the momentum equations according to the CSF (continuum surface force) model [59] [60] [61] . Using F of the VOF function as the characteristic function, the surface forces are transformed to the localized body forces and added in the free surface cells.
The arc plasma shear stress is calculated from the velocities of the arc plasma cells at the free surface
where μ is the viscosity of the arc plasma. The arc pressure at the metal surface is also obtained from the results in the arc region.
Surface tension pressure is normal to the free surface and can be expressed as [60] 
where γ is the surface tension coefficient. The free surface curvature κ is given by
where n → is the surface normal, calculated as the gradient of the VOF function
The temperature-dependent Marangoni shear stress is in a direction tangential to the local free surface and is given by [7] Ms T T s
where s → is a tangent vector of the local free surface.
Energy terms at the interface of the arc plasma and metal regions
Plasma-anode interface
The anode sheath region at the plasma-electrode interface is a very thin region, about 0.02-mm thick [57] , and is at nonlocal thermal equilibrium. The very thin region is treated as a special interface by adding energy source terms, S a in the metal region and S ap in the arc region:
where T arc and T a are the respective arc plasma and metal temperature at the plasma-anode interface, k eff is the harmonic mean of the thermal conductivities of the arc plasma and the anode materials, δ is the thickness of the anode sheath region and is taken as 0.1 mm according to the maximum thickness observed by experiments [62] , ϕ w is the work function of the anode material, J a is the anode current calculated as the square root of J r 2 and J z 2 , ε is the metal surface emissivity and k b is the Stefan-Boltzmann constant, H ev is the latent heat of vaporization of metal vapor, and q ev is the mass rate of evaporation at the metal surface. The mass rate of evaporation of metal, q ev for steel can be expressed as [63] log( ) log 0.5log
18836 log 6.121
The four terms in Eq. (18) take into account thermal conduction, electron heating associated with the work function of the anode material, black-body radiation heat loss, and evaporation heat loss, respectively, at the metal surface. The energy equation for the plasma region only considers the cooling effects through conduction.
Plasma-cathode interface
Similarly, energy source terms S c and S cp are added to the corresponding metal and arc regions at the plasma-cathode interface, taken into account the conduction, radiation, and evaporation terms:
( )
where T c is the metal surface temperature at the cathode surface, k eff is the harmonic mean of the thermal conductivities of the arc plasma and the cathode materials, and δ is the thickness of the cathode and is taken as 0.1 mm.
External boundary conditions
The computational domain for a two-dimensional (2D) axisymmetric GMAW system is shown as ABCDEFGA in Figure 1 . The external boundary conditions are listed in Table 1 . Symmetrical boundary condition is assigned along the centerline AG. The velocity boundary takes into account the wire feed rate at AB, shielding gas inlet at BC, open boundaries at CD and DE, and non-slip wall condition at EF. The inflow of shielding gas from the nozzle at BC is represented by a fully developed axial velocity profile for laminar flow in a concentric annulus [64] :
where Q is the shielding gas flow rate, V w is the wire feed rate, R w and R n are the radius of the electrode and the internal radius of the shielding gas nozzle, respectively.
The temperature boundaries along AD, DE, and EG are set as the room temperature. The boundary conditions for current flow include a zero voltage at the bottom of the workpiece FG, uniform current density along AB specified as
2 , and zero current flow along the other surfaces.
Numerical methods
At each time step, the calculation involves separate calculations in the arc region and the metal region, the coupling of the two regions through the interface boundary conditions described in Sections 2.4 and 2.5, and updating the arc and metal regions after obtaining the new free surface using the VOF method, Eq. (12), in the metal region.
The arc plasma region uses a fully implicit formulation and an upwind scheme for the combined convection/diffusion coefficients, and the SIMPLE algorithm [65] for the velocity and temperature fields. The metal region uses the method developed by Torrey et al. [59] to calculate the velocity and temperature fields.
The computational domain is 5 cm in radius and 3.04 cm in length. A nonuniform grid system is used with finer meshes near the electrode tip, in the arc column and the weld pool, where a fine mesh of 0.01 cm is used. Time step size is set as 5 × 10 −6 s for a stable numerical solution.
Results and discussion
In this chapter, the comprehensive model [44, 45] is used to simulate a spot GMAW welding of a mild steel workpiece with a mild steel electrode under a constant current of 220 A shielded by argon. The electrode has a diameter of 0.16 cm and the workpiece is a mild steel disk with a 3-cm diameter and a 0.5-cm thickness. The contact tube is set flush with the bottom of the gas nozzle and has a contact tube to workpiece distance of 2.54 cm. The wire feed rate is 4.5 cm/s and the initial arc length is 0.8 cm. The shielding gas flow rate is 24 l/min and the inner diameter of the nozzle is 1.91 cm.
The temperature-dependent material properties of argon and the radiation loss term (SR) in Eq. (4) are taken from [58] and are plotted in Figure 2 . Table 2 lists the properties of the solid and liquid mild steel taken from [7] and other parameters used in the computation. Table 2 . Thermophysical properties of mild steel and other parameters. Figure 3 shows the distributions of arc plasma temperature and pressure before and after the first droplet is detached and transferred to the workpiece. The shape of the electrode and workpiece are marked with thick lines. At t = 100 ms, the first droplet is formed at the electrode tip and the workpiece is still flat before a weld pool is formed. The arc shown in Figure 3 (a) has a bell-shaped envelope with a maximum temperature of 19,300 K underneath the droplet. The high-temperature arc covers the droplet and expands as it moves toward the workpiece. The arc pressure contours at t = 100 ms in Figure 3 (b) has two high-pressure regions. One is underneath the droplet caused by the pinch effect of the electromagnetic force, and the other is near the workpiece due to the stagnation of the plasma flow impinging onto the workpiece. The velocity field and streamlines in Figure 4 show that shielding gas flows downward from the gas nozzle along the electrode surface and then is drawn to the electrode around the electrode tip. The ionized shielding gas around the electrode tip is pinched by the radially inward and axially downward electromagnetic force toward the workpiece. The maximum axial velocity in the arc column is found to be 230 m/s on the axis. The corresponding current density distribution in Figure 5 clearly shows that current diverges from the electrode tip and converges at the cathode in the workpiece, which results in inward and downward electromagnetic forces around the droplet and the inward and upward electromagnetic forces near the workpiece. After the droplet is detached from the electrode at t = 118 ms, a new arc plasma is struck between the electrode tip and the top surface of the detached droplet. During the transfer of the detached droplet to the workpiece, the existence of the moving droplet greatly distorts the arc shape and flow pattern. Between t = 118 and 133 ms, current flow through the moving droplet decreases and the temperature of the arc plasma underneath the droplet also decreases. The arc plasma above the droplet is driven by the electromagnetic force and accelerates above the electrode. The high-velocity arc plasma flow impinges onto the top surface of the relatively slow-moving droplet and then flows around it. The flow pattern of the arc plasma around the droplet is similar to a flow around a sphere, including a high-pressure region formed at the droplet top surface due to the impingement and a low-pressure wake region below the droplet. The pressure drag is the main driving force for the droplet acceleration in the arc plasma. These arc plasma transport phenomena are confirmed by the experimental results of [30] [31] [32] , but are significantly different from the numerical results in [43] . The unified GMAW model in [43] predicted current tended to flow through the detached droplet and a strong arc plasma flow formed beneath the droplet. However, the flow pattern in [43] failed to push the detached droplet downward in the arc plasma and thus an empirical equation was used to calculate the arc plasma drag force.
Arc plasma evolution
The first droplet reaches the workpiece around t = 136 ms, and a weld pool with an oscillating surface forms at the workpiece. The current distribution at the workpiece is greatly influenced by the weld-pool surface shape. The current tends to converge on the projected area at the workpiece, which may be at the workpiece center as in the cases of both t = 136 and 400 ms or not at the center as that of t = 150 ms. In many of the weld-pool models , the arc pressure distribution at the center of the workpiece surface was assumed to be a Gaussian distribution with a fixed amplitude and distribution radius. However, the arc pressure distribution at the workpiece surface changes dramatically during the welding process as shown in Figure 6 . Both the magnitude and distribution region varies with the evolution of the electrode and weld-pool surfaces and the presence of the detached droplet. Low arc pressure with a flat-top distribution is found at the weld-pool surface at t = 133 ms when there is a detached droplet in the arc column, whereas high and concentrated arc pressure distribution is observed at t = 400 s when the weld-pool surface is projected and the arc column has no detached droplet. These distributions significantly deviate from the assumed Gaussian distribution in many weld-pool models . Similarly, their assumed Gaussian distributions of current and heat flux cannot represent the dynamic boundary conditions at the weld-pool surface.
Droplet formation and transfer
Droplet formation is determined by the concentrated heating due to the recombining electrons at the electrode surface and the flow pattern within the droplet caused by a balance of forces acting on the droplet, which includes electromagnetic force, surface tension force, gravity, arc pressure, and plasma shear stress. To clearly illustrate the heat transfer and fluid flow within the droplet at the electrode tip, the distributions of temperature, velocity, electrical potential, current, and electromagnetic force within the droplet at t = 100 ms are drawn in Figure 7 . A vortex flow forms in the droplet with a downward flow along the centerline and an upward flow at the surface. The fluid circulation enhances the mixing of cold fluid at the center with the hot surface fluid. The downward flow is caused by the inward and downward electromagnetic force at the upper part of the droplet near the melt line marked as a dashed line. The electromagnetic force and current density are determined by the electrical potential distribution. Current slightly diverges in the upper part of the droplet and converges in the lower part and then flows out of the droplet surface from the lower part of the droplet. The current flow pattern results in an electromagnetic force that is radially inward and axially downward at the upper part and upward at the bottom part. The upward electromagnetic force, surface tension, and arc pressure at the droplet bottom change the fluid to flow upward along the surface. At the balance of electrons heating, arc plasma heating, evaporation and radiation cooling, and convection cooling, the maximum temperature at the droplet surface is found to be 2936 K, which is close to the experimental result of [58] . [32] .
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The first droplet formation is shown in Figures 3-5 and 8 from t = 20 to 116 ms. A round droplet forms at the electrode tip and grows larger. After a neck is formed at t = 116 ms, the velocity within the droplet increases due to the increased electromagnetic pinch force at the neck. After the first droplet is detached at t = 118 ms, the second droplet begins to form at the electrode tip. The droplet is detached and transferred to the workpiece from t = 118 to 133 ms. The detached droplet is accelerated by the plasma arc and gravity and reaches the workpiece with an axial velocity of about 60 cm/s. The center positions of the first detached droplet shown in Figure 8 are plotted as a function of time and compared with the flight trajectory taken by Jones et al. [32] in Figure 9 . The droplet trajectory from the computation matches the experimental results. The droplet acceleration obtained by taking the second derivative of the curve is found to be 24 m/s pool shape and the resulting final weld shape are determined by weld-pool dynamics subject to periodic droplet impingement and several important forces, including electromagnetic force, arc pressure, plasma shear stress, surface tension, and gravity force. As shown in Figures 10 and 11 , a droplet is ready to be detached from the electrode tip at t = 956 ms. Two vortices formed in the weld pool with an inward flow at the weld-pool surface and a downward flow at the center. The inward flow at the weld-pool surface is driven by the surface tension and the downward flow is mainly by the arc pressure force. When the arc pressure at the weldpool surface decreases due to a droplet stuck in the arc column, as shown in Figures 12 and  13 , the fluid at the weld-pool center rises up at t = 960 ms. A crater is formed after a droplet impinges onto the weld pool at t = 982 ms. The high-temperature filler metal carried by the droplet reaches the bottom of the weld pool. The crater is then filled up by the surrounding fluid, and the weld pool first oscillates at high amplitude, then the oscillation gradually subsides. A sequence of experimental images is given in Ref. [43] showing the weld-pool oscillation after a droplet impinges onto the weld pool, which can be seen by the up-and-down movement of the weld-pool surface. At t = 1000 ms, the current is turned off and the temperature in the arc plasma decreases rapidly due to the high radiation loss and low heat capacity of the arc plasma. At t = 1004 ms, the hightemperature arc plasma is replaced by the nonionized shielding gas, which is continued to protect the solidifying weld pool. After a sudden removal of arc pressure and plasma shear stress at the electrode and weld-pool surfaces, the remnant droplet at the electrode and the weld pool oscillates and the oscillation is balanced by the surface tension. The sizes of the molten droplet and the weld pool become smaller with the heat loss to the solid metal by conduction and to the surroundings by radiation and convection. As steel is a good thermal conductor, the heat loss occurs mainly through conduction to the solid metal. Therefore, the liquid metal adjacent to the solid and liquid interface solidifies first and the solidus line moves outward toward the electrode and weld-pool surfaces. The solidification completes at t = 2600 ms in the electrode and at t = 2440 ms in the weld pool. Figure 14 shows the final shape of the weld bead including the weld penetration, which is similar to the reported experimental results [7, 8, 43] . 
Conclusions
A comprehensive model has been presented to simulate the transport phenomena in a gas metal arc-welding process, including the arc plasma evolution, the melting of the electrode and the droplet generation, detachment, transfer, and impingement onto the workpiece, and the weld-pool dynamics and solidification. This model included all the three regions-the electrode, the arc plasma, and the weld pool-in the computational domain and modeled the interactive coupling between these three regions. The distributions of arc pressure, current density, and heat flux at the weld-pool surface are found to vary in a wide range, and thus cannot be represented by a fixed distribution in many published GMAW models. The simulation results have revealed physical insights which cannot be found with those isolated single-region models in the literature. The transient evolution of the arc plasma was found to influence and also to be influenced by the droplet formation, detachment, transfer in the arc, and weld-pool dynamics. Therefore, a comprehensive model is required to accurately take into account the coupling events in both the arc domain and metal domain. The comprehensive model can be used to study the effects of process parameters on the welding process and the final weld formation, such as droplet generation with pulse currents to achieve one droplet per pulse (ODPP) and the effects of shielding gas and wire feed rate on the welding process.
Author details
Junling Hu 
